Background: Nuclear Factor One X (NFIX) haploinsufficiency in humans results in Malan syndrome, a disorder characterized by overgrowth, macrocephaly and intellectual disability. Although clinical assessments have determined the underlying symptomology of Malan syndrome, the fundamental mechanisms contributing to the enlarged head circumference and intellectual disability in these patients remains undefined. Methods: Here, we used Nfix heterozygous mice as a model to investigate these aspects of Malan syndrome. Volumetric magnetic resonance imaging (MRI) was used to calculate the volumes of 20 brain sub regions. Diffusion tensor MRI was used to perform tractography-based analyses of the corpus callosum, hippocampal commissure, and anterior commissure, as well as structural connectome mapping of the whole brain. Immunohistochemistry examined the neocortical cellular populations. Two behavioral assays were performed, including the active place avoidance task to assess spatial navigation and learning and memory function, and the 3-chambered sociability task to examine social behaviour. Findings: Adult Nfix +/− mice exhibit significantly increased brain volume (megalencephaly) compared to wildtypes, with the cerebral cortex showing the highest increase. Moreover, all three forebrain commissures, in particular the anterior commissure, revealed significantly reduced fractional anisotropy, axial and radial diffusivity, and tract density intensity. Structural connectome analyses revealed aberrant connectivity between many crucial brain regions. Finally, Nfix +/− mice exhibit behavioral deficits that model intellectual disability.
Introduction
Malan syndrome (MIM #614753) is caused by mutations in the Nuclear Factor One-X (NFIX) gene in humans [1] . Heterozygous NFIX deletions or nonsense/missense mutations in the DNA-binding/ dimerization domain (exon 2/3) of NFIX (MIM #164005), located at chromosome 19p13.2, results in loss of protein function, which is referred to as NFIX haploinsufficiency [1] [2] [3] [4] . The clinical features of Malan syndrome include prenatal and childhood overgrowth, developmental delays, macrocephaly (head circumference N2 standard deviation from the corresponding age of the population), intellectual disability, and autistic-like traits [1, 5] . Patients also exhibit advanced bone age and stereotypical craniofacial features [1, 5] . Recently, a review of Malan syndrome patients summarized that while the majority (60 out of 79 cases) of patients had macrocephaly, neuroimaging showed relatively normal brain structure in most patients with the occasional EBioMedicine 39 (2019) [388] [389] [390] [391] [392] [393] [394] [395] [396] [397] [398] [399] [400] non-specific abnormality such as enlarged ventricles, small callosal bodies, and cortical dysplasia [5] . Macrocephaly is clinically distinct from megalencephaly, as the latter refers to enlargements of brain size and weight [6] [7] [8] . Notably, megalencephaly can underlie macrocephaly and both can be associated within the same developmental disorder [6, 7] . Therefore, it is possible that the macrocephaly phenotype featured in Malan syndrome patients is due to megalencephaly. However, other than basic clinical assessment of these patients, the cause of macrocephaly in these patients remains unclear, as is whether these patients exhibit normal connectivity within the brain.
Here, we used mice lacking one allele of Nfix as a model to probe these aspects of Malan syndrome. NFIX in rodents is crucial for the development of numerous regions of the central nervous system, including the neocortex [9] , hippocampus [10, 11] , and cerebellum [12] , as well as in skeletal muscle formation [13, 14] . At a mechanistic level, NFIX promotes the asymmetric division of neural stem cells (NSCs) within the cerebral cortex, but the long-term impact of the complete loss of Nfix is difficult to assess, as homozygotes die at weaning [9, 15] . Interestingly, NFIX is expressed by neurons in each of the six layers of the cortical plate of the adult mouse neocortex [16] , however, the role of NFIX in these mature neuronal populations has not been investigated. Recently, we have shown that NFIX is a crucial mediator within the adult NSC populations of the hippocampus [17] and ventricular-subventricular zone [18] of the mature mouse brain. In contrast, Nfix heterozygous (Nfix +/− ) mice survive until adulthood [9, 11] making them an ideal model to investigate brain size and connectivity as a proxy for Malan syndrome. We have previously shown that adult Nfix +/− mice exhibit abnormal hippocampal morphology, and have deficiencies in the Morris water maze, a hippocampal-dependent learning and memory task [10] . However, a deeper investigation of brain structure, connectivity and function has yet to be performed on Nfix +/− animals. Here, we performed magnetic resonance imaging (MRI), immunohistochemistry and analysis of cortically-controlled behavior in adult Nfix +/− mice.
We reveal that Nfix +/− mice exhibit megalencephaly, as well as abnormal connectivity within major cortical regions. Furthermore, these mice exhibit learning and memory impairments, as well as abnormal social behaviors, that are reminiscent of intellectual disability in human patients. Collectively, these data suggest that the macrocephaly exhibited within Malan syndrome likely arises from megalencephaly, as well as providing insights into the structural and behavioral correlates underlying the intellectual disability of these patients.
Materials and methods

Animals
All experiments conformed to The University of Queensland's Animal Welfare Unit guidelines for animal use in research (AEC approval number: QBI383/16). Additionally, all work was carried in accordance to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes and the University of Queensland's Institutional Biosafety committee. Mice were maintained on a C57BL/6 J background. Experiments were conducted using adult (11-13 weeks) Nfix heterozygous mice (Nfix +/− ) and wildtype (Nfix +/+ ) littermate mice as controls. All animals were genotyped as described previously [9] .
Magnetic resonance imaging
For volumetric and diffusion MRI analyses, adult Nfix +/+ (male = 5, female = 4) and Nfix +/− (male = 4, female = 7) brains were used. Mice were anesthetized with lethabarb (VIRBAC PTY) and perfused transcardially with 0.1 M phosphate-buffered saline (PBS), followed by 4% (w/v) paraformaldehyde (pH 7.4; Sigma-Aldrich) in PBS. Brains were removed from the skull and post-fixed in 4% PFA for 24 h. Before MRI scanning, the brains were washed in 0.1 M PBS with 0.2% v/v gadopentetate dimeglumine (Magnevist, Bayer, Leverkusen) for four days [19] . MRI data were acquired using a 16.4 T vertical bore microimaging system (Bruker Biospin, Rheinstetten; ParaVision v6.01) equipped with Micro2.5 imaging gradient and a 15 mm linear surface acoustic wave coil (M2M, Brisbane, Australia). Threedimensional (3D) T 1 /T 2 *-weighted FLASH structural images were acquired using a gradient echo imaging sequence with the following pa- , two b = 0 images, with the acquisition time of 17 h. DWI datasets were zerofilled by a factor of 1.5 in all dimensions prior to Fourier transform to improve fiber tracking [20] .
To perform volumetric analyses, the Brookhaven National Laboratory (BNL) 3D MRI C57BL/6 J adult mouse brain atlas [21] was registered to the FLASH images using FMRIB Software Library's linear and nonlinear registration (FLIRT and FNIRT, fsl.fmrib.ox.ac.uk). Model-based
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Evidence before this study Nuclear Factor One X (NFIX) haploinsufficiency in humans results in Malan syndrome, a disorder characterized by overgrowth, macrocephaly and intellectual disability. Although clinical assessments have determined the underlying symptomology of Malan syndrome, the fundamental mechanisms contributing to their enlarged head circumference and intellectual disability in these patients remains undefined.
Added value of the study
This study used Nfix heterozygous mice as a model to investigate these aspects of Malan syndrome. Using magnetic resonance imaging, this study reveals that brain volume (termed as megalencephaly) is significantly increased within adult Nfix +/− mice, most markedly within the cerebral cortex. Moreover, using diffusion magnetic resonance imaging and tractography-based analyses, we reveal microstructural deficits within major forebrain commissures and aberrant connectivity between many crucial brain regions. Finally, we demonstrate that Nfix +/− mice exhibit cortically-mediated behavioral deficits that model intellectual disability.
Implications of all the available evidence
Collectively, these data suggest that the macrocephaly exhibited within Malan syndrome likely arises from megalencephaly, as well as providing insights into the structural and behavioral correlates underlying the intellectual disability of these patients. In summary, this study models brain structure and behavior in Nfix heterozygous mice to provide a significant conceptual advance in our understanding of the factors underlying Malan syndrome. These findings suggest that future assessments of Malan syndrome patients could include high-resolution neuroimaging, such as DTMRI and tractography, to identify megalencephaly and aberrant brain connectivity.
segmentation of 20 brain regions was performed on each sample and their volumes were measured using ITK-SNAP (www.itksnap.org/). To analyze the diffusion MRI data, the intensity of the DWI datasets were first bias corrected using ANTs N4BiasFieldCorrection and processed using MRtrix3 software (www.mrtrix.org). Fiber orientation distribution (FOD) was reconstructed using constrained spherical deconvolution (CSD) method, and probabilistic tractography was performed using iFOD2 algorithm. Tractography was performed for specific major white matter tracts, and for the whole brain for the structural connectome analyses. Firstly, the seeding regions of interest (ROIs) were manually drawn in the midsagittal and coronal sections of the color vector map, and fiber tracks were generated for the corpus callosum, hippocampal commissure, and anterior commissure at 100 seeds per voxel. From these structures parametric maps, including tract density imaging (TDI, which measures number of tracts within a voxel unit) [22] and diffusion-tensor MRI (DTMRI) metrics, including fractional anisotropy (which measures the microstructural integrity of axonal tracts), and mean, radial and axial diffusivities (which measures the overall water motility, and in the perpendicular and parallel orientations to axonal bundles, respectively) [23] were calculated for each structure and compared between wildtype and Nfix +/− brains. To perform structural connectome analyses, whole-brain probabilistic tractography was generated using 10 seeds per voxel. The modified Centre for Advanced Imaging (CAI)-John Hopkins MRI atlas [24] was used to segment the whole brain tractography into a connectivity matrix comprising of 100 nodes. The degree of a node in a network corresponds to the number of connections a node has with other nodes. The Network Based Statistic (NBS) toolbox [25] was used to detect changes in the brain connectivity network between wildtype and Nfix +/− mouse brains. NBS results was examined using a range of primary thresholds (t = 2.5 to 3.5) to avoid false positive and bias from using a single threshold [24] . The final brain connectivity changes were presented using the results calculated at t = 3.5 based on the highest statistical significance (the lowest family wise error rate (FWER)-corrected p-value of any components). No differences in the volumetric and tractography analyses were found between genders within each genotype in our dataset, hence results shown (Table 1 , Fig. 2 , Fig. 3 and Fig. 4 ) include combined genders.
Immunohistochemistry
Animals were perfused as described above (2.2) and brains were stored in 0.1 M PBS at 4°C until required. For all histological experiments, brains were post-fixed for 48-72 h before being embedded in 3% noble agar (BD Biosciences) and sectioned coronally at 50 μm using a vibratome (Leica). Sections (n = 3) from comparable positions along the rostral-caudal axis of the brain were used for each genotype (n = 3). For hematoxylin staining, sections were rehydrated in tap water and incubated in Mayer's Hematoxylin (Sigma-Aldrich, USA) solution for 2 and half minutes. The sections were washed for 1 min with tap water before being dehydrated in an ethanol-xylene series and cover-slipped using DPX mounting medium (Ajax Finechem). An Aperio slide scanner using Imagescope (Lecia Biosystems) at 20× magnification was used for all brightfield images. Immunofluorescence labelling was performed as previously described [26] . Briefly, sections were mounted on slides before heat-mediated antigen retrieval was performed in a 10 mM sodium-citrate solution (pH 6.0) at 95°C for 15 min. Sections were incubated for 2 h in a blocking solution [2% vol/ vol normal donkey serum (Vector Laboratories) with 0.2% vol/vol Triton-X 100 in PBS] containing donkey serum. Primary antibodies diluted in blocking solution were applied to sections and incubated overnight at 4°C. The following primary antibodies were used: anti-Ctip2 (1:400, Abcam #ab18465), anti-Satb2 (1:500, Abcam #ab51502), antiOlig2 (1/400, Abcam #ab9610), anti PDGFRα (1/200, R&D Systems #AF1062), and anti-S100β (1/400, Abcam #ab66028). Following overnight incubation, corresponding secondary antibodies (Alexa Flour488 and Cy3 raised in donkey) were applied to sections for 2 h. Sections were counter-stained with Hoechst (Thermo Fisher) and coverslipped using fluorescent mounting medium (DAKO). The following cellular populations were analyzed: upper (II, III, IV) layer neurons (Satb2 +/Ctip2-), deeper (V, VI) layer neurons (Satb2-/Ctip2+), astrocytes (S100β+), oligodendrocyte precursors (Olig2+/PDGFRα-), and mature oligodendrocytes (Olig2+/PDGFRα+). Immunofluorescence labelled sections were imaged at 10× magnification on a Diskovery spinning disk confocal microscope using NIS Elements (Nikon19) and Andor iXon888 EMCCD camera at a depth of 15 μm and Z-step size of 2.5 μm. Low magnification fluorescent images represent composite images of The BNL C57BL/6 J adult mouse brain atlas was used to perform model-based segmentation of 20 brain sub regions in wildtype (Nfix
, n = 9) and heterozygous (Nfix
, n = 11) mice. All sub regions within the Nfix +/− adult mice, except for the inferior colliculi, showed significantly increased absolute volumes. The percentage of Nfix +/− total brain and all sub regions was increased compared to wildtypes. Statistical analyses performed using Student's t-test and multiple comparisons were adjusted using the Bonferroni-Dunn correction method.
the whole 15 μm stack, whereas high-magnification images represent a single 2.5 μm optical slice. All histological images were analyzed in Fiji (ImageJ, open-source). Neocortical cell counts were performed in a counting window of 270 μm width by 1600 μm length by 15 μm depth, using the Allen Brain Atlas (http://atlas.brain-map.org/atlas) as a guide. All measurements and cell counts were performed along the rostral-caudal axis blind to the genotype. For Di-I labelling, 3-week old control (n = 5) and Nfix +/− mouse (n = 5) were transcardially perfused with 4% PFA and post-fixed in 4% PFA for 24 h before extracting brains. Brains were hemisected using sharp blade and DiI crystal was inserted into the anterior commissure using the fornix as a guide. Brains were incubated in 4% PFA at 37°C for 4 months before being sectioned coronally at 50 μm using a vibratome and imaged using the Discovery spinning disk confocal microscope.
Behavioral assays
Littermates of the same gender were raised together in boxes containing 2-5 mice regardless of their genotype. Mice were subjected to the least stressful test (3-chambered sociability) first before the most stressful test (active place avoidance) with a 2-day break between experiments. All data were acquired using Ethovision™XT (Noldus Information Technology, NLD) tracking software and experiments were performed blind to the genotype of mice. A modified 3-chambered sociability test apparatus [27] was used to examine social behavior, specifically social approach behavior in Trial 1 and preference for social novelty in Trial 2. Adult mice included 29 Nfix +/+ (male = 18, female = 11) mice and 32 Nfix +/− (male = 21, female = 11) mice. Briefly, the test mouse was placed in the center of a 3-chambered social interaction apparatus to habituate for 5 min. In Trial 1, the test mouse was confined to the central chamber using dividers and the first conspecific mouse of the same-sex and size was placed centrally in either the left or right chamber within a wire framed steel cage. The dividers were removed and the test mouse moved freely between the three chambers for 5 min. In trial 2, the test mouse was again confined to the central chamber and a second novel mouse was placed in the remaining wired framed steel cage. The dividers were removed and the test mouse moved freely between the three chambers for a further 5 min. The amount of time spent in close proximity to the conspecific mouse (interaction zone set to 6 cm radius) was recorded for each test mouse over each trial and during habituation. The APA task was used to assess spatial navigation, learning and memory [28] , and was performed as described previously [29] . Adult mice included 26 Nfix +/+ (male = 15, female = 11) mice and 28 Nfix +/− (male = 15, female = 13) mice. Briefly, the test mouse was placed onto a slowly rotating (clockwise at 1 rotation per minute) platform arena situated within a room marked by four visual cues on each wall. When the animal entered a fixed shock zone within the arena, an electric shock (0.5 milliamps charge) was released at 15 milliseconds intervals until mouse left the shock zone. Prior to testing, the test mouse first underwent habituation, where it explored the arena for 5 min without (inactive) electric shocks. The following day began the first of 5 consecutive days in which the mouse was placed on the rotating platform for 10 min with active electric shocks. Measurements taken include, number of shocks received, latency to first and second entrance into the zone, maximum time the mouse avoided the zone, average speed, and total distance travelled. The time to the second entrance was calculated from the start of the experiment until the time of the second entrance of a mouse to the shock zone. Analysis of each gender (Fig. S4) within the 3-chambered sociability and APA task revealed no differences between genotypes in all measurements taken, hence, all analyses in Fig. 5 and Fig. 6 were pooled by gender.
Statistical analyses
Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, La Jolla California USA). Student's t-tests were used when comparing two groups. Two-way ANOVA was performed involving two independent variables, with repeated measures if applicable. Multiple comparisons were adjusted using the Bonferroni-Dunn correction method. Statistical significance was established at a p-value of b0.05. Error bars on graphs represent standard error of the mean (SEM).
Results
Nfix
+/− adult mice exhibit increased brain volume
Given that Malan syndrome patients have relatively normal brain structure [5] , we hypothesized that the macrocephalic phenotype present in Malan syndrome patients is due to an expansion of brain size. To address this, we performed in-depth neuroimaging and histological analyses using adult Nfix +/− mice as a model. Firstly, using highresolution gradient echo (T 1 /T 2 *-weighted) imaging at a resolution of 30 μm, we examined the volumetric differences of 20 sub regions of the brain between adult Nfix +/− and wildtype mice ( (data not shown), indicating that the expansion of total brain volume is due to a proportionate increase of all sub regions throughout the brain. This is consistent with expression data in mice showing that NFIX is expressed in proliferative zones throughout the developing embryonic neuroaxis, including the dorsal and ventral telencephalon (Fig. S1 ), as well as the developing brain stem [9, 11, 15, 30] . Taken together, these data demonstrate that Nfix +/− mice have megalencephaly.
Expansion of cortical layers within the neocortex of Nfix +/− adult mice
Megalencephaly can be characterized by excessive neuronal and/or glia production, or abnormal migration leading to enlarged cerebral growth [6] [7] [8] . Therefore, we next investigated potential causes that could underlie megalencephaly in these Nfix heterozygotes. Focusing on the neocortex, we compared the thickness of the cortical plate in adult Nfix +/− and wildtype mice using hematoxylin stained coronal sections at rostral and caudal levels. On rostral sections, measurements were taken at the cingulate cortex and rostral somatosensory cortex, while caudal sections were used to measure the cortical plate thickness within the retrosplenial cortex and the caudal somatosensory cortex (Fig. 1a-b) . The thickness of the Nfix +/− neocortex was significantly larger in comparison to wildtypes (Fig. 1c-d Given these findings, we hypothesized that the increased thickness of the cortical plate in Nfix heterozygotes could arise from elevated numbers of neurons and glia, which are the post-mitotic progeny of cortical NSCs [31] . To test this, we performed co-immunofluorescence labelling using cell-specific markers on adult Nfix +/− and wildtype coronal sections. We quantified upper (II, III, IV) layer neurons using special AT-rich sequence-binding protein 2 (Satb2) antibody [32] , deep (VI and V) cortical neurons using chicken ovalbumin upstream promoter transcription factor-interacting protein 2 (Ctip2) antibody [33] , astrocytes using S100 calcium-binding protein β (S100β) [34] , and precursor oligodendrocytes and myelinated oligodendrocytes using oligodendrocyte transcription factor 2 (Olig2) [35] , and platelet-derived growth factor receptor α (PDGFRα) [36] antibodies, respectively. Notably, there was no obvious disruption of cortical lamination of the neuronal populations within each layer of the Nfix +/− neocortex compared to wildtypes (Fig. 1e-f) . Quantification within the retrosplenial and somatosensory cortex (Fig. 1g-h To date, neuroimaging analysis of Malan syndrome patients has been very limited, and thus, the consequence of NFIX haploinsufficiency with relation to brain connectivity remains unknown. While Malan syndrome patients display hypoplasia of the corpus callosum [5] , the extent of axonal disruption and subsequent structural organization has not been studied. To address this, we performed diffusion tensor magnetic resonance imaging (DTMRI) and tractography-based analyses on the three major forebrain commissures, the corpus callosum, the hippocampal commissure and the anterior commissure, of adult Nfix +/+ and Nfix +/− mice. In wildtype mouse brains, all three commissures revealed well-defined white matter tract bundles and high fractional anisotropy ( Fig. 2a-l) . In contrast, the commissures in Nfix +/− mice revealed significantly reduced fractional anisotropy (Fig. 2m) (Fig. 2n) , while the Nfix +/− anterior commissure (t 18 = 3.22, p = .005) also exhibited significantly reduced radial diffusivity (Fig. 2o) . Taken together, these data demonstrate that the forebrain commissures had loss of microstructural integrity and reduced directional coherence, indicative of abnormal fanning and bending of white matter tracts. Directionality maps of Nfix +/− brains revealed that the fiber tracts of the major forebrain commissures were indeed aberrantly dispersed (Fig. 3a-l) . This was most prominent in the anterior commissure (Fig. 3i-l) , which showed an abnormally high number of tracts in the dorsal-ventral direction compared to wildtypes. The tract density intensity of the Nfix +/− hippocampal commissure (t 18 = 3.086, p = .006) and anterior commissure (t 18 = 3.997, p b .0008) were also significantly decreased compared to wildtypes (Fig. 3m) , indicating that the axonal tracts within these structures were less densely packed. To validate whether the abnormal fiber tracts in Nfix +/− mice identified by DTMRI tractography were recapitulated in vivo, we performed fluorescent DiI labelling on the most severely affected white matter tract, the anterior commissure. Results showed that the DiI had diffused in a tight lateral direction within the anterior commissure of wildtype brains (Fig. S3a) , while the DiI diffused largely in a dorsal-ventral direction in the Nfix +/− anterior commissure (Fig. S3b) . Hence, the axonal tract diffusivity of the Nfix +/− anterior commissure in vivo supports the DTMRI tractography data. Taken together, these data demonstrate that the enlarged Nfix +/− brains display aberrant microstructural organization of the major forebrain commissures.
Abnormal structural connectome of the Nfix +/− adult mouse brain
The structural abnormalities within the forebrain commissures of Nfix +/− mice identified with DTMRI tractography led us to perform a more comprehensive analysis of brain connectivity. To do this we constructed the structural connectome of 100 brain areas (nodes) throughout the whole brain of Nfix +/− and wildtype mice. Using the NBS toolbox, we performed connection-wise comparisons, which compares each connection of the structural connectome, to identify individual nodes that were significantly altered (either increased or decreased connectivity) in the Nfix +/− brain compared to wildtypes. The degree of change in a node corresponds to the number of different connections made with that node. The connection-wise comparisons revealed two main abnormal patterns. Firstly, Nfix +/− brains displayed significantly increased connections (Fig. 4a-b) within the limbic system, including the hypothalamus (degree 8), amygdala (degree 2-6), hippocampus (degree 3), and thalamus (degree 1-4), as well as regions directly associated with these brain areas such as the piriform cortex (degree 2). Notably, the anterior commissure (degree 5) also had significantly increased connections, consistent with our tractography findings. In contrast, Nfix +/− brains exhibited significantly reduced connections ( Fig. 4c-d) within the motor cortices (degree 1-2) primarily in the right hemisphere and the prefrontal cortex (degree 2-4). Additionally, a few sub regions of the limbic system (degree 1-4) also displayed decreased connections linked with the prefrontal and motor cortices. Together, these data indicate that heterozygosity of Nfix culminates in abnormal connectivity between many crucial brain regions.
Adult Nfix +/− animals exhibit learning and memory impairments
Given that Malan syndrome patients display intellectual disability [1, 5] and that our data shows Nfix +/− brains have significant abnormal cortical connectivity (Fig. 4) , we posited that these animals might exhibit deficits in cortically-controlled behavior. To test this, we examined spatial learning and memory function using the APA task, which involves the hippocampal-prefrontal cortex circuitry and is considered a rodent model of higher cognitive function in humans [28, 37] . The APA task requires rodents to learn and avoid the location of a stationary shock zone based on visual cues (Fig. 5a ) over five consecutive days of testing (with shocks) following a day of habituation (no shocks) to the environment. During habituation, and over the testing paradigm, there were no significant differences in the total distance travelled between Nfix +/− mice and controls (Fig. S4a-c) , thus, indicating normal locomotor function, exploratory behavior, and task participation, which are in accordance with previous SHIRPA and locomotor behavior assessment of adult Nfix +/− animals [10] . Crucially, however, Nfix +/− animals demonstrated significant learning and memory deficits compared to wildtypes (Fig. 5b) . Nfix +/− mice received significantly more shocks than wildtypes (F 1, 52 = 20.21) on days 3 (p = .001), 4 (p = .017), and day 5 (p = .048) (Fig. 5c) . The time to first shock measurement on days 2 to 5 is indicative of long-term memory function [38] . In comparison to wildtypes, Nfix +/− mice received their first shock significantly earlier (F 1, 52 = 8.584) on days 4 (p = .024) and 5 (p = .0001), thus indicating relatively poor long-term memory (Fig. 5d) . Shortterm memory can also be investigated in this task via an analysis of the latency to the second entry to the shock zone [38] . Once again, the latency to the second entry (F 1, 52 = 9.986) was shorter on days 4 (p = .018) and 5 (p = .005) in Nfix +/− mice compared to wildtypes (Fig. 5e) . The maximum time Nfix heterozygotes avoided the shock zone was also shorter than wildtypes (Fig. 5f ). Interestingly, while Nfix +/− mice showed significantly reduced learning and memory performance compared to wildtypes (Fig. 4d-f) , intra-genotype analyses revealed that neither wildtype or heterozygous mice fully learned the task, as the total number of shocks each cohort received was not significantly different between day 1 and day 5 of the test (Fig. S4d) . However, intra-genotype analyses of different aspects of the test, including time to first shock, time to second entry, and maximum time between shocks revealed that both wildtype and heterozygous animals do show improved learning and memory at day 5 compared to day 1 ( Fig. S4e-g ). This suggests that Nfix +/− mice can learn facets of this task, albeit their performance is reduced in comparison to wildtypes. There were no differences between genders per genotype in all analyses (Fig. S4 h-i) . Collectively, these results demonstrate that Nfix +/− mice exhibit significant spatial learning and memory impairment in adulthood, and thus, may provide a useful model of intellectual disability in Malan syndrome patients.
Adult Nfix +/− animals display abnormal social behavior
Malan syndrome patients exhibit autistic-like traits and elevated anxiety [1, 3, 5] . A principal diagnostic criterion of autism is deficits in social interaction [39] . Although autism is a human disorder, rodents have been extensively used to model some of its characteristic phenotypes, including social behavior [40] . Additionally, social behavior is known to involve the prefrontal cortex [41] and we have demonstrated that Nfix +/− mice have abnormal connectivity within sub regions of the frontal cortex (Fig. 4) . Therefore, we next examined the social behavior of Nfix +/− mice to model autistic-like traits in Malan syndrome. To do this, we used the 3-chambered sociability task, which has been widely used to model aspects of social interaction behavior in rodent models [27, 42, 43] . The task involves the test mouse being placed within the central chamber of a three chamber setup. The test mouse is allowed to interact with two unfamiliar mice (same sex and size), called conspecifics, in two separate trials where the first examines social approach behavior and the second trial assesses preference for social novelty [43] . During the habituation period of the task, where the test mouse was allowed to explore all three empty chambers, Nfix +/− mice and wildtypes showed no preference for either the left or the right chamber ( Fig. S4j-l) , indicating comparable exploratory behavior. Furthermore, there were no differences between genders per genotype for each trial (Fig. S4 m) . In trial 1, the test mouse was allowed to explore and initiate social contact with the first conspecific mouse held inside a wired cage, or an identical empty wired cage (Fig. 6a) . We first performed comparisons within genotypes and found that throughout the total 5-min period of trial 1 (F 1, 118 = 14.67; Fig. 6b-c) wildtype animals spent significantly (p = .0003) more time with the first conspecific mouse compared to the empty chamber. In contrast, Nfix +/− mice demonstrated no significant (p = .311) differences in the time spent between the first conspecific mouse and the empty chamber. However, within the first minute of trial 1 (F 1, 104 = 32.86; Fig. 6d ), both wildtype (p = .0002) and Nfix +/− mice (p = .0002) interacted with the first conspecific mouse significantly longer than the empty chamber. Comparisons between genotypes throughout the total 5-min period (F 1, 118 = 0.169, p = .682) and in the first minute (F 1, 118 = 1.873, p = .174) of trial 1 revealed that wildtype and heterozygous animals spent a similar amount of time with both the first conspecific mouse and the empty chamber. Together, these data suggest that while Nfix +/− and wildtype animals spent similar amount of time interacting with the unfamiliar mouse, heterozygous mice displayed no overall social preference for the unfamiliar mouse over an empty chamber.
In trial 2, a novel conspecific mouse was introduced into the previously empty cage (Fig. 6e) . During the 5-min period of trial 2 (F 1, 114 = 2.393; Fig. 6f-g ), both wildtype (p = .108) and Nfix +/− mice (p N .999) did not show any differences in the time spent with the novel conspecific mouse compared to the first conspecific mouse. This could be because the first conspecific and novel conspecific mice were littermates with no distinguishing features, and thus, the social novelty may have dissipated quickly. Therefore, we again examined the first minute of introducing the novel conspecific mouse (F 1, 102 = 3.314; Fig. 6h ). Interestingly, while the wildtype animals (p = .013) spent a significantly longer time with the novel conspecific mouse compared to the first conspecific mouse, Nfix +/− mice (p N .999) showed no preference for either the novel or first conspecific mice. Indeed, comparison between genotypes (F 1, 102 = 2.782) revealed that wildtype animals spent significantly (p = .009) longer interacting with the novel conspecific mouse than heterozygous animals, while time spent with the first conspecific mouse showed no differences (p N .999) between genotypes. Collectively, these data reveal that adult Nfix +/− mice demonstrate abnormal social behavior. Importantly, our investigation of learning and memory function and social behavior indicate that the neuroanatomical changes in Nfix +/− brains likely contribute to deficits in cortically-controlled behavior, which may model intellectual disability featured in Malan syndrome patients.
Discussion
NFIX haploinsufficiency has recently been identified as causative for Malan syndrome [1, 5] . Other than basic clinical assessment of these patients, our understanding of the developmental processes leading to Malan syndrome is unclear. Germline null Nfix knockout ) have several similar characteristics to Malan syndrome patients. For example, Malan syndrome patients have skeletal malformations and visual impairment [5] . Similarly, Nfix −/− mice have also been shown to have severe skeletal defects [13, 14] and delayed eye development [9] . Malan syndrome patients occasionally have a small callosal body and dilated ventricles [3, 5] . These traits are also displayed by Nfix −/− mice, which have dysgenesis of the corpus callosum and hydrocephalus [9, 13, 44] . Previously, Nfix −/− mice were shown to exhibit enlargement of the cingulate cortex at early postnatal ages [9] , however, as these animals failed to survive past weaning age further analyses were unable to be performed. Importantly, the underlying causes leading to macrocephaly and the affected cortical regions responsible for intellectual disability in Malan syndrome remain unknown. In the present study, we have used adult Nfix +/− mice to model these cortical phenotypes of Malan syndrome. Volumetric MRI and histological analyses demonstrated that Nfix +/− mice exhibit megalencephaly, where the increase in brain volume is underpinned by an overall increase in cell number. Tractography-based analyses of these heterozygous brains further revealed aberrant microstructural integrity of major commissural tracts and critical changes in structural connectivity throughout major cortical regions. Importantly, Nfix +/− mice exhibited learning and memory impairment, as well as abnormal social behavior, reminiscent of intellectual disability and autistic features characterized in Malan syndrome patients. Collectively, the phenotypes of the heterozygous Nfix mouse closely parallels the syndromic features of Malan syndrome patients.
Macrocephaly is a cardinal feature of Malan syndrome; however, the underlying causes leading to enlargement of head circumference is not clear. To date, MRI scans of patients have reported relatively normal brain structure [5] . Could the increased head circumference of these patients be underlined by a global enlargement of brain size? Macrocephaly and megalencephaly can be associated within the same developmental disorder, where cerebral overgrowth can lead to increased head size [6] [7] [8] . Additionally, megalencephalic symptoms are syndromic and are often associated with developmental delay, intellectual disabilities, and behavioral problems [7, 8] , symptoms that are all found in Malan syndrome [5] . To our knowledge, there has not been any specific assessment of brain size within Malan syndrome patients. Here, we reveal that Nfix heterozygosity in mice results in an overall increase in the number of neurons and glia within the adult neocortex leading to an expansion of cortical thickness (Fig. 1) and thus, culminating in increased neocortical volume ( Table 1) . The increase in cell number is likely due to the role of NFIX as a crucial regulator of NSC differentiation [15] . Harris and colleagues [15] showed that Nfix deletion leads to prolonged self-renewal of NSCs in the embryonic mouse forebrain, resulting in the overproduction of neurons and astrocytes. Furthermore, transcriptomic sequencing analyses of the human fetal brain have shown enrichment of the NFI family of transcription factors as key regulatory elements during neurodevelopment [45] . In line with this, our data indicate that an increased period of progenitor cell self-renewal, and hence ultimately more post-mitotic progeny, could underlie the macrocephalic phenotype of Malan syndrome patients. Notably, while our data shows that Nfix heterozygous animals have an increased corpus callosum volume, this is in contrast to the typical corpus callosum hypoplasia occasionally exhibited by Malan syndrome patients. We propose that future clinical assessment of Malan syndrome patients should further examine brain size to validate whether Malan patients have megalencephaly in addition to macrocephaly.
Currently, detailed neuroanatomical and behavioral studies are also lacking in Malan syndrome patients [5] . Here, we demonstrate that disruption in the structural connectivity of the brain manifest as deficits in cortically-controlled behavior. These findings provide key insights into the intellectual disability and autistic-like traits featured in Malan syndrome patients. Notably, structures within the limbic and frontal cortex circuitry were significantly affected in the Nfix +/− mouse brain (Fig. 4) .
These animals further exhibited learning and memory impairments (Fig. 5) , and abnormal social behavior (Fig. 6) . The interconnected structures of the limbic system are critical in memory consolidation, emotional processing, such as anxiety, fear and aggression, and stressresponse [46, 47] , while the prefrontal cortex is responsible for executive functions and moderating social behaviors [41, 46] . Interestingly, Malan syndrome patients have been reported to exhibit moderate to severe intellectual disability, autistic spectrum disorder traits, high anxiety levels, sensitivity to noise, and aggressive behavior [1, 3, 5] . The association between changes in brain connectivity and abnormal behavior have previously been reported in other developmental disorders, such as autism spectrum disorder. Neuroimaging studies of autistic patients reported increased connectivity in the basal ganglia and paralimbic-limbic system [48] , and decreased connectivity in the supplementary motor area and sub regions of the prefrontal cortex [48, 49] . Aberrant axonal integrity of the anterior commissure and corpus callosum was also found in autistic patients [50] and in mouse models of autism spectrum disorder [51] . This correlates with our tractography data, which shows that Nfix heterozygous brains have a loss of axonal integrity in the corpus callosum, anterior commissure, and hippocampal commissure ( Fig. 2 and Fig. 3 ). Deficits in learning and memory function in Nfix +/− mice is likely underlined by reduced hippocampal neurogenesis [17] , which is known to be critical for learning and memory function [52, 53] . Collectively, it is likely that intellectual disability and autistic-like traits exhibited by Malan syndrome patients is underlined by deficits in hippocampal neurogenesis and aberrant structural connectivity within the limbic-prefrontal circuitry. However, as detailed cognitive and behavioral studies are still lacking in Malan syndrome patients, future cognitive assessment of Malan syndrome patients could involve structural MRI and connectome analyses to provide insight into the cortical abnormalities underlying the intellectual disability in these patients. Further studies are required to understand the abnormal developmental processes leading to Malan syndrome. For example, in vitro assays could be used to assess whether Nfix deficiency disrupts neurite growth and axonal guidance, processes that may underlie the aberrant axonal integrity of commissural tracts found in adult Nfix +/− brains.
The generation, and subsequent migration, of cortical neuronal populations could also be examined using BrdU/EdU pulse-chase labelling. Further characterization of the cellular populations within the Nfix heterozygous neocortex may also include additional layer specific markers, such as Tbr1, Brn1 and Cux1, as well as an analysis of the ratio of excitatory and inhibitory neurons. NFIX is also expressed by many mature neurons within the rodent neocortex [16] , but the role of NFIX in these cells is completely undefined. Electrophysiological experiments would further provide insights into how overgrowth and abnormal connectivity within Nfix heterozygous brains may affect changes in circuit-level plasticity and function. Moreover, while social interaction behavior is a key diagnostic measure of autism spectrum disorder, other key features include repetitive stereotypic behaviors and communication deficits [40] . To assess repetitive behaviors, further assays can include the automated 16-hole nose poke task to assess restricted interest [40] , and/or examine home-cage stereotypes [54] . Communication within rodents can be assessed using ultrasonic vocalization tests and/ or olfactory habituation/dishabituation to urinary pheromones tests [40] .
In conclusion, by modelling brain structure and behavior in Nfix heterozygous mice, we provide a significant conceptual advance in our understanding of the factors underlying Malan syndrome. These findings suggest that future assessments of Malan syndrome patients could examine the presence of megalencephaly and high-resolution neuroimaging, such as DTMRI and tractography.
